Cellular pattern formation in the root epidermis of Arabidopsis occurs in a position-dependent manner, generating roothair (H) cells contacting two underlying cortical cells and nonhair (N) cells contacting one cortical cell [1] [2] [3] . SCRAM-BLED (SCM), a leucine-rich repeat receptor-like kinase (LRR-RLK), mediates this process through its effect on a downstream transcription factor regulatory network [4, 5] . After perception of a positional cue, the SCM signaling pathway is proposed to preferentially repress WEREWOLF (WER) transcription factor expression in H cells and thereby bias the outcome of mutual lateral inhibition acting between H and N cells [6, 7] . However, the molecular mechanism responsible for this preferential SCM signaling is unknown. Here, we analyze the distribution of the SCM receptor and the biological effect of altering its accumulation pattern. We find that SCM expression and accumulation in the epidermal cell layer is necessary and sufficient to direct the cell-type pattern. Further, SCM preferentially accumulates in H cells, and this accumulation pattern is dependent on the downstream transcription factors. Thus, SCM participates in an autoregulatory feedback loop, enabling cells engaged in SCM signaling to maintain high levels of SCM receptor, which provides a simple mechanism for reinforcing a bias in receptor-mediated signaling to ensure robust pattern formation.
Results and Discussion

Cellular Distribution and Subcellular Localization of the SCM Receptor
In previous studies, SCRAMBLED (SCM) promoter activity and SCM transcripts were detected in nearly all tissues of the Arabidopsis root, including both the nonhair (N) and root-hair (H) cells of the epidermis, suggesting that the SCM receptor might be uniformly distributed and, therefore, that differential ligand localization might define the epidermal cell pattern [4, 8] . To test this, we analyzed SCM protein accumulation by generating a construct (designated SCM::SCM-GFP) containing the SCM transcribed region (including its introns) fused to green fluorescent protein (GFP) and to the SCM promoter. When introduced into the scm-2 background, this SCM::SCM-GFP construct generated transgenic plants with a normal pattern of root-hair cells and nonhair cells in the root epidermis, similar to those generated by the SCM genomic fragment (gSCM) control (Table S1 available online). The ability of this construct to rescue the scm-2 mutant indicates that the SCM-GFP fusion protein is functional in epidermal patterning. Within cells of these SCM::SCM-GFP scm-2 roots, the GFP fluorescence signal is detected at the cell boundary ( Figures 1A-1C ), but after treatment with 1 M mannitol, the signal retracted from the cell wall ( Figure 1D ). This subcellular distribution is consistent with the predicted structure of SCM as a plasma membrane receptor.
At the tissue level, the SCM-GFP protein was detected in the developing stele, endodermis, cortex, epidermis, quiescent center, and columella root-cap initials, but not root-cap cells ( Figure 1A) , which reflects the pattern of SCM promoter activity and SCM transcript distribution [4] . This broad distribution is also apparent during embryogenesis, given that every cell in the developing embryo at the heart, torpedo, and mature stages accumulates the SCM-GFP ( Figures 1E-1I ).
In the root epidermis, the SCM-GFP accumulates in both H and N cells during early developmental stages, within the meristematic zone ( Figure 1B) . However, at later stages (within the late-meristematic and early-elongation zones), the SCM-GFP preferentially accumulates in differentiating H cells ( Figure 1B) , suggesting a previously unrecognized aspect of SCM regulation. This position-dependent pattern of SCM-GFP accumulation is not detected in the embryonic protoderm ( Figures 1E-1I ), which suggests that it originates postembryonically as epidermal cells age.
SCM Accumulation in the Epidermis Is Necessary for Epidermal Patterning
The SCM gene is expressed [4] and the SCM protein accumulates ( Figure 1A ) throughout root tissues underlying the epidermis. Given this, we considered that SCM action in underlying tissues might be responsible for establishing the epidermal cell-type pattern. To assess this possibility, we used tissuespecific promoters to drive a SCM RNA interference (RNAi) construct to selectively inhibit SCM expression in particular root tissues. We used the SHORTROOT (SHR), SCARECROW (SCR), Co2, and WEREWOLF (WER) promoters to inhibit SCM expression in the stele, endodermis, cortex, and epidermis, respectively [9] [10] [11] [12] . To accurately monitor the effectiveness of the RNAi in individual roots, we introduced each construct into scm-2 SCM::SCM-GFP GL2::GUS plants, which enabled us to assess SCM protein accumulation (by examining SCM-GFP) and epidermal cell pattern establishment (by analyzing the distribution of GL2::GUS-expressing cells in the H and N cell positions). As a positive control, we generated and tested a line bearing a SCM::SCM-RNAi construct in the scm-2 SCM::SCM-GFP GL2::GUS background, and, as expected, the roots of this line have no detectable GFP fluorescence ( Figure 2F ) and exhibit an abnormal cell pattern similar to that of the scm-2 mutant ( Figure 2G ).
For plants bearing SCM-RNAi constructs with tissuespecific promoters, we discovered that SCM-RNAi directed to one layer also tended to reduce SCM-GFP protein in an adjacent layer(s) and caused an overall reduction in SCM-GFP accumulation in the roots. This general effect may be due to the known ability of some small RNA molecules to move from cell to cell through plasmodesmata [13] , or it may be due to an undetectably low level of promoter activity in other *Correspondence: schiefel@umich.edu layers. This effect was particularly pronounced in the SCR::SCM-RNAi line, for which layer-specific reduction in SCM-GFP accumulation could not be identified ( Figure 2C ). Thus, we focused our attention on the SCM-RNAi lines with the SHR, Co2, and WER promoters. In SHR::SCM-RNAi plants, the SCM-GFP signal is detectable in the endodermis, cortex, and epidermis but is significantly reduced in the stele ( Figure 2B ), yet the epidermal cell-type pattern was normal ( Figure 2G ). Similarly, SCM RNAi driven by the Co2 promoter causes a reduction in SCM-GFP accumulation primarily in the cortex tissue ( Figure 2D ), but the epidermal cell-type pattern was not altered ( Figure 2G ). In the WER::SCM-RNAi line, SCM-GFP accumulation is primarily reduced in the epidermis ( Figure 2E ), and the distribution of epidermal cell types is disturbed ( Figure 2G ). The major effect is on specification of cells in the N position, which may be due to the preferential activity of the WER promoter in these cells. Taken together, these results indicate that SCM expression and accumulation in epidermal tissue is necessary for epidermal cell patterning.
SCM Accumulation in the Epidermis Is Sufficient for Epidermal Patterning
Next, we tested whether expression of SCM in any particular tissue is sufficient for proper epidermal cell pattern formation. For this analysis, the same tissue-specific promoters (WER, Co2, SCR, and SHR) were fused to the SCM-GFP coding region, and these constructs were introduced into scm-2 GL2::GUS plants and tested for their ability to regenerate a normal epidermal cell-type pattern. We found that the SHR::SCM-GFP line generates stele-specific SCM-GFP but has only a minor effect on the epidermal cell pattern, as compared to that of the scm-2 mutant (Figures 3I and 3P) . Production of SCM-GFP in the cortex (using the Co2 promoter) or in the endodermis (using the SCR promoter) caused a mild effect, resulting in a partial rescue of the scm-2 phenotype (Figures 3G, 3H, and 3P) . However, expression of SCM-GFP in the epidermis tissue (using the WER::SCM-GFP construct) was most effective at correcting the scm-2 mutant defect ( Figures  3A-3F and 3P) . To test the possibility that SCM-GFP expression in multiple tissues might be required for complete pattern formation, we combined more than one construct by crossing the scm-2 GL2::GUS WER::SCM-GFP line with each of the other three. After identifying homozygous lines, we analyzed their root epidermal patterns and discovered that none showed a significant enhancement as compared to those of the corresponding single construct lines ( Figures 3J-3L  and 3P ), suggesting that SCM accumulation in subepidermal root tissues does not additively contribute to epidermal pattern formation.
The WER promoter drives expression throughout the developing epidermis, but preferentially in the differentiating nonhair cells [12] , whereas the SCM promoter drives SCM-GFP accumulation throughout the early epidermis and then preferentially in developing hair cells ( Figure 1B ). Given this, we next considered whether the incomplete complementation by the WER::SCM-GFP construct might be due to differences between the WER and the SCM promoters. To test this, we used the GL3 promoter, which is preferentially active in differentiating hair cells [14] , to drive SCM-GFP expression. The resulting scm-2 GL2::GUS GL3::SCM-GFP plants accumulated SCM-GFP in differentiating root-hair cells (in the H position) and possessed a normal epidermal cell-type pattern ( Figures  3M, 3N, and 3P ). To further test the importance of SCM gene regulation on epidermal pattern formation, we analyzed the effect of uniform SCM-GFP expression by using the CaMV35S promoter. The scm-2 GL2::GUS plants harboring this 35S::SCM-GFP construct exhibited SCM-GFP accumulation in both N and H cells, but the scm-2 epidermal patterning defect was only partially rescued ( Figures 3O and 3P) . Together, these results suggest that SCM expression and accumulation in the epidermal tissue is sufficient to generate the proper epidermal cell pattern and, furthermore, that preferential SCM expression in the differentiating hair cells is necessary for complete pattern formation.
Given that epidermal SCM accumulation is sufficient for epidermal patterning, the reason for SCM expression and protein accumulation in subepidermal root tissues is presently unclear. It is possible that the SCM receptor has another function(s) in these subepidermal root tissues. It is known that SCM influences the development of aboveground tissues, including the apical meristem, leaf primordia, inflorescence meristem, and flowers (unpublished data; [5, 8] ), so it may also participate in unrecognized processes in the root.
Feedback Regulation of SCM Expression by Cell-Fate Transcription Factors
Because preferential SCM accumulation in the differentiating hair cells (in the H position) is critical for proper cell-type patterning, we next focused on determining the cause of this accumulation pattern. We hypothesized that the known transcriptional regulators in epidermal cell specification might play a role, including WER [12] , GLABRA3 (GL3), ENHANCER OF GLABRA3 (EGL3) [15] , and TRANSPARENT TESTA GLA BRA1 (TTG1) [16] , which act in a putative nonhair cell-promoting complex [6] , CAPRICE (CPC) and TRIPTYCHON (TRY) [17, 18] , which act to inhibit the WER-GL3/EGL3-TTG1 complex [19] , and/or GLABRA2 (GL2) [20] , which acts downstream of the WER-GL3/EGL3-TTG1 complex [2] . To examine this, we generated lines containing multiple homozygous mutations in the scm-2 SCM::SCM-GFP GL2::GUS background ( Figures  4A-4F ). In the control line (scm-2 SCM::SCM-GFP GL2::GUS), a high percentage of roots (94.6% 6 6.4% [standard deviation]) exhibit preferential SCM-GFP accumulation in the H cell files. In contrast, a significant reduction in the frequency of this pattern was observed in scm-2 SCM::SCM-GFP GL2::GUS plants bearing the cpc-3 try-82 (22.8% 6 1.9%), the wer-1 (33.4% 6 8.6%), the gl3-1 egl3-1 (53.1% 6 1.0%), or the ttg1-1 (70.8% 6 12.1%) homozygous mutations. In the gl2-1 scm-2 SCM::SCM-GFP GL2::GUS line, the normal SCM-GFP accumulation pattern was detected in 88.4% (6 0.3%) of the roots. These results suggest that the position-dependent accumulation pattern of SCM-GFP in the epidermis is established by the members of the WER-GL3/EGL3-TTG1 complex and by CPC and TRY, but not by GL2.
To determine whether these transcription factors affect differential SCM protein accumulation by influencing SCM gene transcription, we examined the behavior of the SCM::GUS transcriptional reporter in the roots of the various mutants. We found that SCM::GUS expression is increased in the epidermis of wer-1 and gl3-1 egl3-1 roots, whereas it is reduced in the cpc-3 try-82 root epidermis ( Figures 4G-4J ). Further, we discovered that the try-82 single mutant exhibits a reduction in SCM::GUS expression ( Figure S1 ) and has a previously unrecognized abnormal epidermal cell-type pattern (Table S1 ). These findings suggest that WER, GL3, and EGL3 are negative regulators, and CPC and TRY are positive regulators, of SCM gene expression and that their action leads to the observed preferential SCM accumulation in the developing hair cells of the root epidermis. The fact that scm-2 is fully complemented by the GL3::SCM-GFP construct ( Figure 3P ) further supports this conclusion because GL3 promoter activity has been shown to be negatively regulated by WER-GL3/EGL3-TTG1 and positively regulated by CPC and TRY [14] . Also, the importance of transcriptional control, rather than posttranscriptional control, in generating the SCM accumulation pattern is indicated by the lack of a hair cell-preferential pattern of SCM-GFP in the WER::SCM-GFP and 35S::SCM-GFP roots ( Figure 3) .
The CPC and TRY proteins inhibit the action of WER, GL3, and EGL3 by preventing the formation of the WER-GL3/ EGL3-TTG1 complex [19] . Therefore, it is possible that CPC and TRY promote SCM expression indirectly, by inhibiting SCM repression by the WER-GL3/EGL3-TTG1 complex. To examine this possibility, we constructed cpc-3 try-82 gl3-1 egl3-1 and cpc-3 try-82 wer-1 multiple mutants harboring the SCM::GUS reporter. In each of these lines, SCM::GUS expression is reduced to a comparable level as that in the cpc-3 try-82 lines (Figures 4K and 4L) . These results indicate that gl3-1 egl3-1 and wer-1 are not epistatic to cpc-3 try-82, which is inconsistent with the possibility described above. Thus, we conclude that the WER-GL3/EGL3-TTG1 complex represses SCM expression in the N cells and that CPC and TRY promote SCM expression in the H cells independently of the WER-GL3/ EGL3-TTG1 complex ( Figure 5 ).
These findings provide new insight into the control of root epidermal cell patterning. They show that the SCM receptor protein is not uniformly distributed throughout the developing epidermis. Rather, accumulation of SCM is subject to an indirect autoregulatory feedback mechanism, whereby the downstream transcription factor network, which itself is regulated by SCM, influences the relative level of SCM protein in epidermal cells adopting different fates. This suggests two phases for the action of the SCM signaling pathway. In a first phase, all immature epidermal cells have a similar capacity to engage in SCM signaling. This conclusion was originally drawn from the finding of similar levels of SCM transcripts in the early root epidermis [4] , and this is expanded here by our finding that a functional SCM fusion protein accumulates to a similar level in both H and N cells of the early epidermis ( Figure 1B ). Because cells in the H position appear to preferentially engage in SCM signaling [7] , it implies differential localization or activity of the putative SCM ligand at this early stage. In a second (later) phase of SCM action, the H cells preferentially accumulate the SCM receptor because of differential transcriptional regulation of the SCM gene in the H and N cells by the downstream transcription factors in the epidermal cell-fate network ( Figure 5 ). We suggest that this regulatory mechanism has evolved to increase the robustness of epidermal pattern formation by ensuring that cells engaged in SCM signaling maintain high levels of the SCM receptor (to further direct adoption of the hair cell fate) and, conversely, that cells with little SCM signaling reduce their SCM protein content (to further direct adoption of the nonhair fate). Our results show that this regulatory mechanism is biologically significant because uniform SCM expression and accumulation (directed by the CaMV35S promoter) or preferential (but not exclusive) expression and accumulation of SCM in the nonhair cells (directed by the WER promoter) failed to fully complement the scm mutant defect, whereas hair cell-preferential expression and accumulation (directed by the GL3 promoter) fully complemented the scm mutant ( Figure 3) . Feedback regulatory loops similar to the one discovered here may represent generally useful mechanisms for amplifying signaling differences between neighboring cells to promote distinct gene-expression patterns and cellfate decisions.
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